Programmed cell death-1 (PD-1) belongs to an inhibitory signaling pathway capable of maintaining central and peripheral immune tolerance. Blockage of PD-1 has been identified as a promising immunotherapeutic approach for cancer and chronic infectious diseases. However, it is unknown whether PD-1 pathway regulates stem cell function. It is generally believed that mesenchymal stem cells (MSCs) produce PD-1 ligand, but fail to express PD-1. In this study, we show that neural crestderived MSCs from dental pulp (MSC-DP), but not MSCs from bone marrow, expressed PD-1. Knocking down PD-1 expression in MSC-DP results in a significantly reduced capacity for cell proliferation and accelerated multipotential differentiation. Mechanistically, we show that PD-1 regulates a SHP2/ERK/Notch cascade to maintain proliferation and a SHP2/ERK/β-catenin cascade to inhibit osteo-/odontogenic differentiation. This study indicates that PD-1 is a key surface molecule controlling cell proliferation and multipotential differentiation of MSC-DP. Through regulating PD-1/SHP2/ERK signaling, we can significantly improve the quality and quantity of culture-expanded MSC-DP for potential clinical therapies.
Introduction
Mesenchymal stem cells (MSCs) exist in a variety of organs and tissues, including bone marrow, umbilical cord, adipose tissue, skeletal muscle, and dental tissues. MSCs from dental pulp (MSC-DP) are a unique population of highly proliferative neural crest-derived stem cells [1, 2] . They can be isolated from the dental pulp of exfoliated deciduous teeth or permanent teeth [3] [4] [5] . MSC-DP are multipotent MSCs capable of differentiating into osteo-/odontogenic cells, adipocytes, chondrocytes and neural cells‚ and can regenerate dentin-pulp-like tissue in vivo [3] [4] [5] [6] . MSC-DP also possess immunomodulatory properties that can regulate CD4 + T cells, CD3 + T cells, and regulatory T cells (Tregs).
Systemic infusion of MSC-DP can ameliorate autoimmune disease phenotypes [7] [8] [9] [10] . However, the underlying mechanisms that control MSC-DP self-renewal and differentiation are largely unknown. Inhibitory receptor programmed cell death-1 (PD-1), a member of the CD28 family, is a key mediator for T cell response and immune tolerance [11] . PD-1 is expressed in various immune cells, including activated T cells, B cells, macrophages, dendritic cells, and natural killer cells [12] . PD-1-mediated negative immune signaling proceeds through engagement with two ligands, known as PD-L1 (B7-H1) and Edited by Y. Shi PD-L2 (B7-DC) [13, 14] . Upon activation, PD-1 suppresses exhausted CD4
+ T cells in early phases of T cell activation as well as T cells effector functions, leading to immune tolerance [15] . PD-1 knockout mice develop lupus-like autoimmune disease with glomerulonephritis and cardiomyopathy [16, 17] . Moreover, PD-1 pathway plays an important role in cancer immunology by targeting tumorinfiltrating CD8 + T cells to induce CD8 + T cell apoptosis and inhibit CD8 + T cell function, leading to inhibition of tumor immune-surveillance [18] . Because of PD-1's role as a negative immune checkpoint, immunotherapies targeting this pathway have shown significant potential for cancer therapy. However, it is largely unknown whether PD-1 pathway also contributes to non-immune cell function. It is believed that MSCs produce PD-1 ligand without expression of PD-1. In this study, we show that MSC-DP, but not bone marrow MSCs (BMMSCs), expressed PD-1. PD-1 is required to maintain cell proliferation and inhibits multipotential differentiation of MSC-DP. In addition, PD-1 is a key surface molecule for MSC-DP selection and purification.
Results

MSC-DP express PD-1
It is generally believed that MSCs expressed PD-1 ligand, but failed to produce PD-1 [19] . To assess whether MSC-DP express PD-1, we isolated MSC-DP from exfoliated deciduous teeth (which we refer to hereafter as stem cells from human exfoliated deciduous teeth or SHED) and permanent teeth (dental pulp stem cells; DPSCs), as described in our previous studies [3, 5] . We found that both SHED and DPSCs, but not BMMSCs, expressed PD-1 on the cell membrane, as assessed by Western blotting, qPCR, immunostaining, and flow cytometric analysis (Fig. 1a-c and Fig. S1A ). However, SHED, DPSCs, and BMMSCs expressed PD-L1 in the cytoplasm (Fig. 1a) . SHED expressed elevated levels of PD-1 when compared to DPSCs (Fig. 1a, b) .
We next used immunocytofluorescent staining to show that PD-1 was co-expressed with MSC marker CD90 in SHED (Fig. 1d) 1e) . To further confirm that MSC-DP express PD-1, we collected the dental pulp from human exfoliated deciduous teeth and used immunofluorescent staining to show that PD-1 and CD90 double-positive cells were present in this tissue (Fig. S1B ). These data suggest that PD-1 is a specific surface molecule of MSC-DP.
PD-1 is required to maintain cell proliferation and inhibit multipotential differentiation of SHED of SHED were double-positive for PD-1 and CD90, and 11.86% of SHED were double-positive for PD-1 and CD105, n = 3 in each group; **P < 0.01; ***P < 0.005; error bars: mean ± SD ligands, PD-1 signaling inhibits T cell function and induces immune tolerance [20, 21] . To explore the functional role of PD-1 in MSC-DP, we used recombinant human PD-L1 and PD-L2 to treat SHED and found no significant effect on the number of 7AAD + AnnexinV + apoptotic SHED (Fig. 2a) .
Treatment with PD-L2, but not PD-L1, increased the proliferation rate and population doublings, as assessed by BrdU staining and continued culture assay, respectively (Fig. 2b, c) . These data suggest that PD-1 ligands/pathway accelerate the SHED proliferation.
To further determine the role of PD-1 in MSC proliferation and differentiation, we used PD-1 siRNA to knockdown PD-1 expression in SHED, DPSCs, and BMMSCs (Fig. S2A, F) . We found that PD-1 siRNA treatment significantly reduced the proliferation rate and the number of population doublings of SHED compared to the control group (Fig. 2d, e) . Moreover, PD-1 siRNA treatment markedly increased the osteo-/odontogenic differentiation of SHED to form mineralized nodules after 3 and 7 days of culture under osteogenic inductive conditions (Fig. 2f) . Western blot analysis confirmed that the expression levels of Runx2 and OCN in PD-1 siRNAtreated SHED were markedly upregulated compared to the untreated group (Fig. 2g) . When implanted into immunocompromised mice using HA/TCP as a carrier, PD-1 siRNA-treated SHED exhibited an increased capacity to form mineralized tissue when compared to the control SHED (Fig. 2h) . We also used siRNA to knock down PD-1 expression in SHED and examined their neurogenic differentiation capacity. We found that PD-1 siRNA treatment significantly increased the expression levels of neurogenic markers β-III tubulin and NeuN under neurogenic inductive condition, as assessed by immunocytofluorescent staining and Western blotting (Fig. 2i) . Furthermore, we confirmed that siRNA knockdown of PD-1 inhibited the proliferation rate and population doubling and promoted 
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+ cells out of the total number of SHED when compared to untreated SHED. b BrdU labeling assay showed that PD-L2, but not PD-L1, treatment improved the proliferation rate of SHED when compared with the untreated group. c Continued culture assay showed that the number of population doublings was increased when treated with PD-L2 compared to the untreated SHED, while PD-L1 treatment had no significant effects. d BrdU labeling assay showed that PD-1 siRNA treatment downregulated proliferation rate in SHED. e Continued culture assay showed that PD-1 siRNA treatment reduced the number of population doublings in SHED. f PD-1 siRNA treatment elevated mineralized nodule formation when compared to the control SHED, as assessed by alizarin red staining. g Western blot analysis showed that PD-1 siRNA treatment upregulated the expression levels of Runx2 and OCN compared to untreated SHED when cultured under osteogenic inductive conditions. h When implanted into immunocompromised mice using HA/TCP as a carrier, PD-1 knockdown SHED exhibited an increased capacity to generate new bone when compared to the control SHED, scale bar = 200 μm. i Immunostaining and Western blot analysis showed that PD-1 siRNA treatment increased the expression levels of β-III tubulin and NeuN under neurogenic inductive condition, scale bar = 20 μm, n = 3 in each group; **P < 0.01; ***P < 0.005; error bars: mean ± SD. Vehicle: scrambled siRNA-treated SHED osteo-/odontogenic differentiation of DPSCs ( Fig. S2B-E) . However, PD-1 siRNA treatment had no significant effect on the proliferation rate, population doubling, or osteogenic differentiation of BMMSCs (Fig. S2G-J) . These data indicate that PD-1 plays a critical role in maintaining proliferation and inhibiting differentiation in MSC-DP.
Isolation of PD-1 + SHED
We showed that a small fraction (19 + PD-1
c BrdU labeling assay showed that the proliferation rate of PD-1 + SHED was higher than that of PD-1 -SHED. d Continued culture assay showed that PD-1 + SHED had an increased number of population doublings relative to PD-1 − SHED. e Cell cycle analysis showed that the S/G2/M phases of PD-1 + SHED was much higher than that of PD-1 − SHED. f Alizarin red staining showed that the capacity for mineralized nodule formation of PD-1 + SHED was lower than that of PD-1 − SHED. g Western blot analysis showed that PD-1 + SHED expressed decreased levels of Runx2 and OCN compared to PD-1 − SHED when cultured under osteogenic inductive conditions. h When implanted into immunocompromised mice using HA/TCP as a carrier, PD-1 + SHED exhibited less capacity to generate new bone than PD-l − SHED, scale bar = 200 μm. i Immunostaining and Western blot analysis showed that the expression levels of β-III tubulin and NeuN in PD-1 + SHED were lower than that in PD-1 − SHED under neurogenic inductive condition, scale bar = 20 μm, n = 3 in each group; ***P < 0.005; error bars: mean ± SD. Vehicle: scrambled siRNA-treated SHED decreased expression of neurogenic markers β-III tubulin and NeuN when compared with PD-1 − SHED (Fig. 3i ).
These data suggest that PD-1 + SHED may represent a subset of highly proliferative cells with reduced capacity for differentiation.
PD-1 regulates proliferation and differentiation of SHED via SHP2/ERK pathway
Tyrosine phosphatase SHP2 is an intracellular domain responsible for transmission of inhibitory signals in PD-1/ PD-L pathway [22] . In immune response, engagement with PD-L leads to the phosphorylation of PD-1 cytoplasmic tails and recruitment of SHP2, which dephosphorylates multiple downstream pathways, blocking effects of T cell activation [23] . However, it is unknown whether SHP2, as a downstream target of PD-1, is also involved in PD-1-controlled MSC-DP proliferation and differentiation. We used Western blot analysis to show that the expression level of p-SHP2, but not total SHP2, was decreased in PD-1 siRNA-treated SHED compared to the control SHED (Fig. 4a) . We further showed that only SHED and DPSCs, but not BMMSCs, expressed p-SHP2 (Fig. 4b) . Next, we used SHP2 siRNA to knock down SHP2 expression in SHED (Fig. S3A ) and found that the proliferation rate and population doublings of SHED were significantly decreased, as assessed by BrdU labeling and continued culture assay, respectively (Fig. 4c, d ). Under osteogenic culture conditions, SHP2 siRNA-treated SHED showed an increased ability to form mineralized nodules, as assessed by alizarin red staining (Fig. 4e) , and increased expression levels of osteogenic markers Runx2 and OCN (Fig. 4f) . Moreover, we used SHP2 inhibitor (NSC87877) treatment to assess the role of SHP2 in SHED proliferation and differentiation. We showed that NSC87877 treatment inhibited SHP2 signaling in a dose-dependent manner (Fig. S3B) . We thus used 50 μM NSC87877, the most effective dose, to inhibit SHP2 signaling in this study. Also, we found a significantly reduced proliferation rate and number of population doublings (Fig. 4g, h ), along with elevated osteogenic differentiation (Fig. 4i, j) . These data indicate that SHP2 acts downstream of PD-1 to regulate proliferation and differentiation of MSC-DP. Previous studies showed that SHP2 is required for the activation of Ras/ERK pathway in embryonic stem cells (ESCs) [24] . To identify the detailed downstream pathway of SHP2, we examined the expression levels of ERK in PD-1 and SHP2 siRNA-treated SHED and found that the expression level of p-ERK, but not total ERK, was significantly decreased when compared to the control group b Western blot analysis showed that the expression level of p-SHP2 in SHED was higher than in DPSCs, while BMMSCs failed to express p-SHP2. c BrdU labeling assay showed that the proliferation rate of SHED was downregulated after SHP2 siRNA treatment. d Continued culture assay showed that SHP2 siRNA treatment reduced the number of population doublings in SHED. e SHP2 siRNA treatment elevated mineralized nodule formation when compared to the control SHED, as assessed by alizarin red staining. f Western blot analysis showed that SHP2 siRNA treatment upregulated the expression levels of Runx2 and OCN compared to untreated SHED when cultured under osteogenic inductive conditions. g BrdU labeling assay showed that the proliferation rate of SHED was downregulated by SHP2 inhibitor (NSC87877) treatment. h Continued culture assay showed that NSC87877 treatment could reduce the population doublings of SHED. i NSC87877 treatment elevated mineralized nodule formation when compared to control SHED, as assessed by alizarin red staining. j Western blot analysis showed that NSC87877 treatment upregulated the expression levels of Runx2 and OCN compared to those of untreated SHED when cultured under osteogenic inductive conditions, n = 3 in each group; **P < 0.01; ***P < 0.005; error bars: mean ± SD. Vehicle: scrambled siRNA-treated SHED (Fig. 5a) . Also, treatment with SHP2 inhibitor NSC87877 reduced the expression level of p-ERK in SHED (Fig. 5a) . We next used an ERK inhibitor (PD98059) to reduce the expression level of ERK in SHED and found that this treatment decreased the proliferation rate and population doublings of SHED, as determined by BrdU labeling and continued culture assays, respectively (Fig. 5b, c and  Fig. S4 ). Moreover, we showed that PD98059-treated SHED had increased capacity to form mineralized nodules, as assessed by alizarin red staining (Fig. 5d) , and expressed osteogenic markers Runx2 and OCN (Fig. 5e) . However, PD98059 treatment failed to affect PD-1 or SHP2 expression (Fig. 5f ). Next, we used an ERK activator (PEITC) to treat SHP2 siRNA-treated SHED and found that this treatment significantly elevated their proliferation rate and the number of population doublings, along with decreased mineralized nodule formation and reduced expression levels of Runx2 and OCN (Fig. 5g-j and  Fig. S4 ). Collectively, these data suggest that PD-1 regulates a SHP2/ERK cascade to control proliferation and differentiation of MSC-DP.
PD-1/SHP2/ERK modulate proliferation via Notch signaling and suppress differentiation via Wnt/β-catenin signaling in SHED It is well known that Notch signaling plays an important role in regulating stem cell self-renewal/proliferation [25] . To explore the detailed mechanisms of how PD-1 may interact with Notch signaling in regulating SHED proliferation, we examined the expression levels of Notch1, Notch2, and NICD in PD-1 and SHP2 siRNA-treated SHED. We found that the expression levels of Notch1 and NICD, but not Notch2, were significantly decreased in both PD-1 and SHP2 siRNA-treated SHED (Fig. 6a and  Fig. S5A ). SHP2 inhibitor (NSC87877) treatment reduced the expression levels of Notch1 and NICD in SHED (Fig. 6a) . Western blot analysis showed that ERK inhibitor (PD98059) treatment reduced the expression levels of Notch1 and NICD, while Notch inhibitor (DAPT) treatment had no significant effect on the ERK expression in SHED (Fig. 6b and Fig. S5B ). These data suggest that Notch signaling may act as a downstream target of PD-1/SHP2/ a Western blot analysis showed that the expression level of p-ERK, but not total ERK, in SHED was significantly downregulated when treated by PD-1 siRNA, SHP2 siRNA, or SHP2 inhibitor (NSC87877). b BrdU labeling assay showed that the proliferation rate of SHED was downregulated by ERK inhibitor (PD98059) treatment. c Continued culture assay showed that PD98059 treatment reduced the number of population doublings in SHED. d PD98059 treatment elevated mineralized nodule formation when compared to control SHED, as assessed by alizarin red staining. e Western blot analysis showed that PD98059 treatment upregulated the expression levels of Runx2 and OCN compared to untreated SHED when cultured under osteogenic inductive conditions. f Western blot analysis showed that PD98059 treatment had no significant effects on the expression levels of PD-1 or p-SHP2 in SHED. g BrdU labeling assay showed that ERK activator (PEITC) treatment rescued the decreased proliferation rate of SHP2 siRNA-treated SHED. h Continued culture assay showed that PEITC treatment rescued the decreased population doublings of SHP2 siRNA-treated SHED. i siSHP2-treated SHED showed elevated mineralized nodule formation, as assessed by alizarin red staining, while PEITC treatment could inhibit the elevated mineralized nodule formation. j Western blot analysis showed that when cultured under osteogenic inductive conditions, SHP2 siRNA treatment upregulated the expression levels of Runx2 and OCN in SHED, while these increases were blocked by PEITC treatment, n = 3 in each group; **P < 0.01; ***P < 0.005; error bars: mean ± SD. Vehicle: scrambled siRNA-treated SHED ERK pathway in SHED. To identify the role of Notch signaling in PD-1/SHP2/ERK-mediated SHED proliferation, we used Notch activator (DLL1) treatment to elevate the expression levels of Notch1 and NICD in SHED (Fig. S5C) . BrdU labeling and continued culture assay showed that DLL1 treatment rescued the decreased proliferation rate and population doublings in PD98059-treated SHED (Fig. 6c, d ). These data indicate that Notch signaling is downstream of the PD-1/SHP2/ERK cascade in controlling the proliferation of MSC-DP.
Previous study showed that Wnt/β-catenin signaling plays a critical role in SHED differentiation [26] . Here we examined the expression levels of active and total β-catenin in PD-1 and SHP2 siRNA-treated SHED and found that the expression levels of active β-catenin were significantly increased in both siRNA treatment groups, but there were no significant changes in total β-catenin expression (Fig. 6e) . We also found that the expression level of active β-catenin, but not total β-catenin, was markedly elevated in NSC87877-treated SHED (Fig. 6e) . Next, we examined whether ERK signaling is responsible for PD-1-regulated Wnt/β-catenin expression. Western blot analysis showed that ERK inhibitor treatment increased the expression levels of active β-catenin, while Wnt/β-catenin inhibitor (XAV939) treatment had no significant effect on the ERK expression in SHED (Fig. 6f and Fig. S5B ). These findings indicate that Wnt/β-catenin signaling may be downstream of PD-1/SHP2/ERK pathway in SHED. To identify the role of Wnt/β-catenin signaling in PD-1/SHP2/ERK-mediated SHED differentiation, we used XAV939 treatment to inhibit the expression level of active β-catenin in SHED (Fig. S5D ) and found that this rescued the increased mineralized nodule formation and osteogenic marker expression in PD98059-treated SHED, as assessed by alizarin red staining and Western blotting (Fig. 6g, h ). These data imply that PD-1 regulates the osteo-/odontogenic differentiation of SHED via SHP2/ERK/β-catenin signaling pathway.
To explore whether the interplay between Notch and β-catenin contributes to PD-1/SHP2-mediated proliferation and differentiation in SHED, we used PD-1 CRISPR/Cas9 knockout plasmid to generate PD-1 −/− SHED. We found that inhibition of β-catenin, by XAV939 treatment, had no effects on the Notch1 and NICD expression in PD-1 −/− SHED. However, activation of Notch signaling by DLL1 treatment suppressed active β-catenin expression in PD-1 −/− SHED. Furthermore, we showed that the inhibition of Notch by DAPT treatment elevated active β-catenin expression in SHED (Fig. S6) . These data indicate that PD-1/SHP2 may regulate Wnt/β-catenin through Notch pathway. showed that the expression levels of Notch1 and NICD were decreased in ERK inhibitor (PD98059)-treated SHED. c BrdU labeling assay showed that Notch activator (DLL1) treatment rescued the decreased proliferation rate seen in PD98059-treated SHED. d Continued culture assay showed that DLL1 treatment rescued the decreased number of population doublings seen in PD98059-treated SHED. e Western blot analysis showed that the expression level of active β-catenin, but not total β-catenin, was increased in SHED treated with PD-1 siRNA, SHP2 siRNA, or NSC87877. f Western blot analysis showed that the expression level of active β-catenin, but not total β-catenin, was elevated in PD98059-treated SHED. g Wnt/β-catenin inhibitor (XAV939) treatment rescued mineralized nodule formation in PD98059-treated SHED, as assessed by alizarin red staining. h Western blot analysis showed that XAV939 treatment rescued the decreased Runx2 and OCN expression levels seen in PD98059-treated SHED, n = 3 in each group; *P < 0.05; **P < 0.01; ***P < 0.005; error bars: mean ± SD. Vehicle: scrambled siRNA-treated SHED Discussion PD-1 is a critical negative receptor that regulates central and peripheral T cell response through engagement with PD-L1 or PD-L2 to induce immune tolerance. It is well known that PD-1 is inducibly expressed in T cells, B cells, NK T cells, activated monocytes, and dendritic cells [15] . However, the function and expression of PD-1 in non-lymphoid organs are still largely unknown. Recently, it was reported that PD-1 expression was observed in the retinal ganglion cell (RGC) layer and the inner nuclear layer of naïve retina, and also in certain neurons of the cerebrum and cerebellum [27] , suggesting that PD-1 may be expressed outside of the immune system. As an inhibitory signal, PD-1 may be involved in RGC apoptosis during retinal development through a caspase 3-dependent pathway [28] . PD-1 expression was shown to be significantly increased in RGCs after a crushing injury to the optic nerve [29] . These findings suggest that PD-1 might play a pivotal role in retinal neurodegeneration. It is generally believed that MSCs express PD-1 ligand, but not PD-1 [19, 30] . In this study, we reveal constitutive expression of PD-1 in the cytomembrane of MSC-DP, but not in BMMSCs. We found that PD-1 ligand was expressed in the cytoplasm of MSC-DP and BMMSCs. This is the first study demonstrating PD-1 expression in stem cells and suggesting that PD-1 plays a critical role in maintaining stem cell properties in neural crest-derived SHED and DPSCs. Since MSCs, including MSC-DP, are heterogenic population stem cells, only 10-30% of MSCs expressed early MSC surface markers STRO-1, CD146, and CD105 [5, 26, 31, 32] . In this study, we showed that only around 11-17% SHED expressed PD-1, suggesting that PD-1 may represent an early stem cell marker. Moreover, we explored the role of PD-1 in regulating proliferation via SHP2/ERK/ Notch pathway and differentiation via a SHP2/ERK/β-catenin cascade. When we knocked down PD-1 expression in SHED, their proliferation rate was dramatically decreased and they were easily differentiated into osteogenic cells. We isolated PD-1 + SHED and demonstrated that this population may represent a highly proliferative subset. Upon TCR stimulation and ligation with PD-ligands, PD-1 is activated and recruits the src homology phosphotyrosyl phosphatase (SHP), which in turn results in dephosphorylation of downstream molecules and inhibition of downstream pathways including PI3K/AKT, Bcl-xL, and Ras [23] . SHP2, encoded by the PTPN11 gene, is ubiquitously expressed. It plays a critical role in regulating the migration, proliferation, survival, and differentiation of ESCs. SHP2 deletion suppresses ESC differentiation with increased self-renewal/proliferation [24] . Germline mutations in PTPN11 cause Noonan and LEOPARD syndromes, indicating that SHP2 is essential for neural crest cell function [33, 34] . Although SHP2 signaling may proceed in a cell type-and receptor-specific manner, it is required for the full activation of RAS/ERK pathway [35] . Our findings show that PD-1 is required for sustaining proliferation of MSC-DP via a SHP2/ERK cascade. Interestingly, we found that the role of SHP2 in supporting MSC-DP is the converse of its role in ESCs. PD-1 knockdown severely inhibited MSC-DP proliferation, accompanied by accelerated differentiation through downregulating SHP2. MAPK-ERK signaling is essential for lineage differentiation of osteogenic cells. However, the detailed role of ERK signaling in osteogenic cell differentiation is controversy [36] . In vitro studies show that the activation of MAP kinase, including ERK, JNK, and p38, is critical to support Runx2 activity and osteogenesis [37] . In contrast, ERK signaling is able to antagonize bone formation. Treatment with epidermal growth factor (EGF) or basic fibroblast growth factor (bFGF) can inhibit osteogenic differentiation of MSC via activation of ERK signaling [38, 39] , implying that ERKmediated MSC differentiation may depend on cell culture conditions and type of MSCs. Our studies further revealed that PD-1 maintains cell proliferation via a SHP2/ERK/ Notch cascade and suppresses osteogenic differentiation via a SHP2/ERK/β-catenin cascade. Therefore, distinct intracellular signaling mechanisms regulate the self-renewal and maintenance of ESCs and MSC-DP.
In this study, we showed that the neural crest-derived MSC-DP express the transmembrane protein PD-1. PD-1 knockdown severely impairs MSC-DP proliferation and accelerates MSC-DP differentiation. PD-1 maintains cell proliferation via a SHP2/ERK/Notch cascade and suppresses osteogenic differentiation via a SHP2/ERK/β-catenin cascade. PD-1 can be used as a unique surface marker to isolate and characterize MSC-DP. This study identifies a previously unknown role of PD-1 in maintaining stem cell function.
Methods and materials
Animals
Beige nude/nude Xid (III) mice were purchased from Harlan (Indianapolis, IN, USA). All animal experiments were performed under institutionally approved protocol for the use of animal research (University of Pennsylvania IACUC #805478).
Antibodies and reagents
Anti-PD-1, PD-L1, OCN antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antirunt related transcription factor 2 (Runx2), p-SHP2, SHP2, p-ERK, ERK, Notch1, NICD antibodies were purchased from Cell Signaling (Danvers, MA, USA). Active β-catenin and total β-catenin antibodies were purchased from Millipore (Billerica, MA, USA). Anti-β-actin antibody was purchased from Sigma-Aldrich Co (St. Louis, MO, USA). APC-conjugated anti-PD-1; PE-conjugated CD90, CD105, and CD73 were purchased from BD Biosciences (Franklin Lakes, NJ, USA). BrdU solution and BrdU imaging kit were purchased from Invitrogen (Carlsbad, CA, USA).
Isolation and culture of dental pulp MSCs
Human exfoliated deciduous incisors and third molars were obtained as discarded biological samples from the Dental Clinic of the University of Pennsylvania following the approved Institutional Review Board guidelines. SHED and DPSCs were cultured as reported previously [3, 5] .
Isolation and culture of human BMMSCs
Human bone marrow aspirates from healthy human adult volunteers (20-35 years of age) were purchased from AllCells LLC. hBMMSCs were cultured as reported previously [40] .
siRNA and chemical treatments 
Cell proliferation assay
MSCs (10 × 10 3 /well) were seeded on 2-well chamber slides (Nunc, Rochester, NY, USA) and cultured for 2-3 days. The cultures were incubated with BrdU solution (1:100) (Invitrogen) for 20 h, and stained with a BrdU staining kit (Invitrogen) according to the manufacturer's instructions. The samples were then stained with hematoxylin. BrdUpositive and total cell numbers were counted in 10 images per subject. The number of BrdU-positive cells was indicated as a percentage of the total cell number. The BrdU assay was repeated on three independent samples for each experimental group.
Population doublings
MSCs were trypsinized and seeded at 2 × 10 5 cells in 35-mm dishes in complete growth medium at the first passage. Cells were harvested and seeded at the same number when they reached confluence. Population doublings (PD) were calculated by the following formula: PD = log2 (number of harvested cells/number of seeded cells). PD numbers were determined by the cumulative addition of total numbers generated from each passage until cells ceased dividing. The PD assay was repeated with 3 independent isolated cells for each group.
In vitro osteogenic differentiation assay
MSCs were cultured under osteogenic culture conditions in medium containing 1.8 mM monopotassium phosphate (Sigma-Aldrich) and 10 nM dexamethasone (SigmaAldrich). After 4 weeks of induction, the cultured cells were either stained with alizarin red to assess mineralized nodule formation or lysed for protein isolation to assess osteogenic gene expression. 
Flow cytometry/cell sorting
Western blot analysis
Total protein was extracted using M-PER mammalian protein extraction reagent (Thermo, Rockford, IL). Twenty micrograms of protein were applied and separated on 4-12% NuPAGE gel (Invitrogen Co.), followed by transferring to nitrocellulose membranes (Millipore Inc.). Membranes were blocked with 5% non-fat dry milk and 0.1% Tween-20 for 1 h, followed by incubation with the primary antibodies at 4°C overnight. HRP-conjugated secondary antibody (Santa Cruz Biotechnology; 1:10,000) was used to treat the membranes for 1 h. Immunoreactive proteins were detected using SuperSignal West Pico Chemiluminescent Substrate (Thermo) and BioMax film (Kodak, Rochester, NY, USA). Each membrane was also stripped using a stripping buffer (Thermo) and re-probed with anti-β-actin antibody to quantify the amount of loaded protein.
Implantation of SHED into immunocompromised mice
About 6.0 × 10 6 SHED were mixed with 40 mg of hydroxyapatite/tricalcium phosphate (HA/TCP) ceramic powder (Zimmer Inc.) and then implanted into the dorsal surface of 10-week-old immunocompromised mice as previously described [5] . These procedures were performed in accordance with specifications of an approved small animal protocol (University of Pennsylvania IACUC #805478). The implants were harvested 8 weeks post-implantation, fixed in 4% paraformaldehyde, and then decalcified with 10% EDTA (pH 8.0) for paraffin embedding. Paraffin sections were deparaffinized, rehydrated, and stained with hematoxylin and eosin (H&E). For quantification of new bone regeneration in vivo, we used 10 representative images from different regions of the SHED implants to calculate the area of bone formation using Image J software (NIH). This assay was repeated with 3 independent implants for each experimental group. Statistics SPSS 13.0 was used to perform statistical analysis. Comparisons between two groups were analyzed using independent two-tailed Student's t-tests, and comparisons between more than two groups were analyzed using oneway ANOVA. P values <0.05 were considered statistically significant.
